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Exploring the nuclear envelope of herpes simplex virus
1-infected cells by high-resolution microscopy
Abstract
Herpesviruses are composed of capsid, tegument, and envelope. Capsids assemble in the nucleus and
exit the nucleus by budding at the inner nuclear membrane, acquiring tegument and the envelope. This
study focuses on the changes of the nuclear envelope during herpes simplex virus 1 (HSV-1) infection in
HeLa and Vero cells by employing preparation techniques at ambient and low temperatures for
high-resolution scanning and transmission electron microscopy and confocal laser scanning microscopy.
Cryo-field emission scanning electron microscopy of freeze-fractured cells showed for the first time
budding of capsids at the nuclear envelope at the third dimension with high activity at 10 h and low
activity at 15 h of incubation. The mean number of pores was significantly lower, and the mean
interpore distance and the mean interpore area were significantly larger than those for mock-infected
cells 15 h after inoculation. Forty-five percent of nuclear pores in HSV-1-infected cells were dilated to
more than 140 nm. Nuclear material containing capsids protrude through them into the cytoplasm.
Examination of in situ preparations after dry fracturing revealed significant enlargements of the nuclear
pore diameter and of the nuclear pore central channel in HSV-1-infected cells compared to
mock-infected cells. The demonstration of nucleoporins by confocal microscopy also revealed fewer
pores but focal enhancement of fluorescence signals in HSV-1-infected cells, whereas Western blots
showed no loss of nucleoporins from cells. The data suggest that infection with HSV-1 alters the
number, size, and architecture of nuclear pores without a loss of nucleoporins from altered nuclear pore
complexes.
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Herpesviruses are composed of capsid, tegument, and envelope. Capsids assemble in the nucleus and exit the
nucleus by budding at the inner nuclear membrane, acquiring tegument and the envelope. This study focuses
on the changes of the nuclear envelope during herpes simplex virus 1 (HSV-1) infection in HeLa and Vero cells
by employing preparation techniques at ambient and low temperatures for high-resolution scanning and
transmission electron microscopy and confocal laser scanning microscopy. Cryo-field emission scanning
electron microscopy of freeze-fractured cells showed for the first time budding of capsids at the nuclear
envelope at the third dimension with high activity at 10 h and low activity at 15 h of incubation. The mean
number of pores was significantly lower, and the mean interpore distance and the mean interpore area were
significantly larger than those for mock-infected cells 15 h after inoculation. Forty-five percent of nuclear pores
in HSV-1-infected cells were dilated to more than 140 nm. Nuclear material containing capsids protrude
through them into the cytoplasm. Examination of in situ preparations after dry fracturing revealed significant
enlargements of the nuclear pore diameter and of the nuclear pore central channel in HSV-1-infected cells
compared to mock-infected cells. The demonstration of nucleoporins by confocal microscopy also revealed
fewer pores but focal enhancement of fluorescence signals in HSV-1-infected cells, whereas Western blots
showed no loss of nucleoporins from cells. The data suggest that infection with HSV-1 alters the number, size,
and architecture of nuclear pores without a loss of nucleoporins from altered nuclear pore complexes.
The nuclear envelope separates eukaryotic cells into a nuclear
compartment and a cytoplasmic compartment. It comprises two
phospholipid bilayers, the inner and the outer nuclear membrane.
Local fusions between both membranes create giant aqueous
channels, the nuclear pores, through which nucleocytoplasmic
exchanges proceed. Elaborate protein structures of eightfold ro-
tational symmetry, the nuclear pore complexes (NPC), are em-
bedded into these pores (14, 28). Each NPC is composed of
building blocks of 30 different proteins called nucleoporins
(Nup). Nucleoporins are modularly assembled to form subcom-
plexes within the highly dynamic NPC (9, 46).
Herpesvirus virions consist of the genomic double-stranded
DNA enclosed by an icosahedral capsid, the tegument pro-
teins, and the viral envelope (44). During infection, newly
synthesized capsid proteins are transported from the cytoplasm
to the nucleus, where they assemble autocatalytically to capsids
into which DNA is packaged. This process resembles head
assembly and DNA packaging in bacteriophages (40). Assem-
bled capsids are transported to the nuclear periphery. There,
they bud at the inner nuclear membrane, acquiring tegument
and the viral envelope. The replication of herpesviruses such as
herpes simplex virus 1 (HSV-1) radically alters nuclear archi-
tecture (48). In particular, the nuclear membrane becomes
highly modified in the course of viral replication (44).
The nuclear periphery of herpesvirus-infected cells has been
studied intensely by conventional transmission electron mi-
croscopy (TEM) on thin sections (for reviews, see references
31, 32, and 33). Imaging of the nuclear surface by applying
other techniques such as scanning electron microscopy (SEM)
was rare because the advantages of surface imaging at the
subcellular level by SEM were not available to cell biologists
due largely to insufficient resolutions of the scanning electron
microscopes. This situation was considerably improved by the
introduction of field emission sources. They facilitate surface
imaging at much the same effective resolution for biological
material as that of TEM (2, 23). An alternative methodology
for surface imaging is the technique of freeze fracture, which is
followed by the production of replicas for imaging by TEM
(21). Although this technology is cumbersome to apply to iso-
lated cells, it has been successfully employed to visualize the
nuclear surface of HSV-1-infected BHK-21 cells (22).
The introduction of field emission SEM (FESEM) and the
development of methodologies to image the surface of subcellular
structures in the dried state (1) as well as in the frozen-hydrated
state (56) led to detailed information for subcellular structures
such as the nuclear surface. Here, we employed cryopreparation
techniques for cell suspensions as well as in situ preparation
techniques for cell monolayers at ambient temperatures with the
aim to obtain a more detailed view of the nuclear surface in
HSV-1-infected cells. Imaging of the nuclear surface in the dried
state of HSV-1-infected cells revealed a reduction in the number
of nuclear pores. It also showed substantial enlargements of the
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overall diameter of NPCs as well as of the central NPC channel
compared to those of mock-infected cells. Imaging of the nuclear
surface in the frozen-hydrated state confirmed the reduction of
pore numbers and dilation of nuclear pores through which nu-
clear material containing capsids protrude into the cytoplasm, as
shown by TEM of cells prepared in situ by employing cryofixation
and freeze substitution. By employing confocal microscopy for
third-dimension reconstruction, the nuclear volume and nuclear
surface area were calculated, which in turn allowed the calcula-
tion of pore numbers and budding events per total nuclear sur-
face. In addition, cryo-FESEM allowed for the first time the
visualization of budding capsids at the third dimension, revealing
the greatest budding activity as early as 10 h after infection.
MATERIALS AND METHODS
Viruses and cells. Vero and HeLa cells were grown in Dulbecco’s modified
minimal essential medium supplemented with penicillin (100 U/ml), streptomy-
cin (100 g/ml), and 10% fetal bovine serum for 2 days. The cells were then
infected with HSV-1 at a multiplicity of infection (MOI) of 2 or 5 and incubated
at 37°C for 8 to 24 h.
FESEM. In order to examine the nuclear surface, a protocol for in situ
preparation of nuclei according to that described previously by Allen et al. (3)
was applied. Cells were grown on glass coverslips for 2 days and then infected
with HSV-1 at an MOI of 5 and incubated at 37°C for up to 15 h. The cells were
then fixed with 1% formaldehyde plus 0.025% glutaraldehyde in 0.1 M Na/K-
phosphate (pH 7.4) at room temperature for 1 min and permeabilized with 0.5%
Triton X-100 for 5 min. After postfixation with 1% osmium tetroxide at 4°C for
30 min, cells were treated with 1% aqueous thiocarbohydrazide at room tem-
perature for 30 min. After additional fixation with 1% osmium tetroxide at room
temperature for 30 min, cells were dehydrated with a graded series of ethanol
starting at 70% and critical point dried (CPD 030; Bal-Tec, Balzers, Liechten-
stein). The dry samples were fractured in this way. The glass coverslip with the
dry cells on it was laid on an adhesive film on an SEM sample holder. This was
firmly touched with another adhesive sample holder and pulled away without
sideways movement. The surface on which the cells were grown and the adhesive
surface were coated with 5 nm of platinum by sputter coating in a high-vacuum
sputtering device (SCD500; Bal-Tec, Balzers, Liechtenstein). The coated sam-
ples were examined with a field emission scanning electron microscope (Leo
Gemini 1530; Zeiss, Oberkochen, Germany) at an acceleration voltage of 3 kV
using the in-lens secondary electron detector.
Cryo-FESEM. HSV-1-infected (MOI of 5) and mock-infected cells grown in cell
culture flasks were trypsinized and centrifuged at 150  g for 8 min. The pellet was
resuspended in fresh medium, collected into Eppendorf tubes, and fixed with 0.25%
glutaraldehyde medium for 30 min. The suspension was kept in the tubes at 4°C until
cells were sedimented. Subsequently, the supernatant was removed. A copper grid
(100 mesh/inch, 12-m thickness) was dipped into the sedimented cells, sandwiched
between two flat aluminum specimen carriers (type B; Bal-Tec, Balzers, Liechten-
stein), and immediately frozen in an HPM 010 high-pressure freezing machine
(Bal-Tec). After freezing, the sandwich was mounted under liquid nitrogen on a
designated specimen holder for freeze fracturing in the VCT 100 cryopreparation
box and transferred onto a BAF 060 freeze-fracturing device (Bal-Tec) using the
VCT 100 cryotransfer system (Bal-Tec). The specimen was fractured at 120°C by
removing the top aluminum specimen carrier with the hard metal knife supplied with
the BAF 060 device. The fractured surfaces were partially freeze-dried (“etched”) at
105°C for 2 min in a vacuum of about 107 mbar. The specimen surface was then
coated with 2 nm platinum/carbon by electron beam evaporation at an angle of 45°
and with 1 nm platinum/carbon, tilting the electron beam gun between 0° and 90°.
The specimen was retracted into the transfer shuttle of the VCT 100 system and
transferred under high vacuum onto the cryostage in the SEM (Leo Gemini 1530;
Zeiss, Oberkochen, Germany). Specimens were imaged at 115°C (the saturation
water vapor pressure of the specimen corresponding to the vacuum in the chamber
of 5 107 mbar) and at an acceleration voltage of 5 kV using the in-lens secondary
electron detector.
CFTEM. Cells grown on sapphire disks, infected with HSV-1 (MOI of 5), and
incubated at 37°C for 8 to 17 h were fixed with 0.25% glutaraldehyde and then
frozen in a high-pressure freezing machine (HPM 010; Bal-Tec) as described
previously by Monaghan et al. (34). Frozen cells were transferred into a freeze-
substitution unit (FS 7500; Boeckeler Instruments, Tucson, AZ) precooled to
88°C for substitution with acetone and subsequent fixation with 0.25% glutar-
aldehyde and 0.5% osmium tetroxide at temperatures between 30°C and 2°C
as described in detail previously (60) and embedded in Epon. Sections (50 to 60
nm thick) were stained with uranyl acetate and lead citrate and analyzed using a
transmission electron microscope (CM12; Philips, Eindhoven, The Netherlands)
equipped with a charge-coupled-device camera (Ultrascan 1000; Gatan, Pleas-
anton, CA) at an acceleration voltage of 100 kV.
Confocal microscopy. Cells were grown for 2 days on 10-mm-diameter coverslips
(Mattek, Ashland, MA). The cells were then infected with HSV-1 at an MOI of 5
and incubated at 37°C for 8, 10, 12, 15, and 17 h. After fixation with 2% formalde-
hyde for 25 min at room temperature, the cells were permeabilized with 0.1% Triton
X-100 at room temperature for 7 min and blocked with 3% bovine serum albumin
in phosphate-buffered saline containing 0.05% Tween (PBST). To identify nuclear
pores, immunolabeling of the HSV-1-infected cells was done using monoclonal
antibodies against three different nucleoporins (Nup62, Nup90, and Nup152)
(Mab414; Covance, Berkeley, CA) at a dilution of 1:1,000 or against Nup153
(Abcam, Cambridge, United Kingdom) at a dilution of 1:250. After three washes
with PBST plus 0.3% low-fat milk, cells were incubated with secondary anti-mouse
antibodies (Alexa 488; Molecular Probes, Eugene, OR) at a dilution of 1:500. To
ascertain infectivity, cells were labeled with antibodies against the tegument protein
VP16 (a gift from B. Roizman, Chicago, IL) at a dilution of 1:1,000, followed by
secondary anti-rabbit antibodies (Alexa 594; Molecular Probes) at a dilution of
1:500. After staining of nuclei with 4,6-diamidino-2-phenylindole (DAPI) (Roche,
Mannheim, Germany), cells were embedded in fluorescence mounting medium
(DakoCytomation, Glostrup, Denmark) and analyzed using a confocal laser scan-
ning microscope (SP2; Leica, Wetzlar, Germany). Images were deconvolved by
employing a blind deconvolution algorithm using the program suite Huygens
Essential (SVI, Hilversum, The Netherlands).
Quantitative analysis. To estimate the distribution of nuclear pores, the num-
bers of pores on 10 nuclei of HeLa cells were counted on FESEM and cryo-
FESEM images in mock- or HSV-1-infected cells incubated for 15 h. The inter-
pore distances between two neighboring pores and the interpore areas bound by
four to eight pores were then measured using AnalySIS Five software (Olympus,
Hamburg, Germany). To estimate the approximate intensity of budding capsids,
the numbers of budding capsids were counted on the nuclear surface at 8, 10, and
15 h of infection. Nuclei of HeLa cells grown as monolayers are triaxial ellipsoids.
Therefore, nuclear volume (V) and nuclear surface (S) were calculated on the
basis of the half axes (a, b, and c) measured on deconvolved confocal DAPI-
stained images according to the following equations:
V
4
3abc and S 2c
2 2ab
0
1
1 u2v2 x2
1 u2x2 1 v2 x2 dx,
whereby u
a2 c2
a
and v
b2 c2
b
The numbers of pores and the maximal number of budding capsids per mean
nuclear surface area were then calculated. In addition, numbers of nuclear pores
were also estimated after immunolabeling of NPCs on deconvolved confocal
images employing AnalySIS Five software. Numbers of pores, interpore dis-
tances, and interpore areas were compared by the Student t test.
Polyacrylamide gel electrophoresis and immunoblotting. HeLa cells were
grown in 25-cm2 cell culture flasks. Cells were infected with HSV-1 at an MOI of 2
and incubated at 37°C for 8, 10, 12, and 24 h. The protein extraction was accom-
plished as follows. After washing with phosphate-buffered saline, the cells were
trypsinized and centrifuged at 800  g for 5 min. The cell pellets were resuspended
in protein extraction buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, 1 mM EDTA, 1% Triton X-100, 1% Na-deoxy-
cholate, 1 g/ml aprotinin, 1 mg/ml leupeptin, 0.1% sodium dodecyl sulfate [SDS])
for 20 min on ice and centrifuged at 10,000  g for 5 min at 4°C. The supernatant
was transferred into Eppendorf tubes, and the protein concentration was deter-
mined based on the method of Bradford (5a). After the addition of protein lysis
buffer (0.5 M Tris-HCl [pH 6.8], 4.4% SDS, 1% -mercaptoethanol, 20% glycerol,
1% bromphenol blue, H2O), the samples were boiled for 5 min. Ten micrograms of
protein from each sample was separated on a 6% SDS-polyacrylamide gel. After
electrophoresis at 100 V for 2 h, the gel was transferred onto a polyvinylidene
difluoride membrane. Blots were blocked with 5% low-fat milk in H-PBST (50 mM
sodium phosphate buffer containing 155 mM NaCl, 0.05% Tween 20, and 10 mM
HEPES) overnight. Subsequently, blots were probed with a 1:5,000 dilution of
Mab414 (Covance, Berkeley, CA) in H-PBST. After two washing steps with H-
PBST, blots were incubated with a 1:30,000 dilution of horseradish peroxidase-
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conjugated anti-mouse secondary antibodies (Sigma-Aldrich, Buchs, Switzerland).
Blots were visualized on X-ray film using chemiluminescence.
RESULTS
Nuclear pore number declines during HSV-1 infection. The
most prominent structures of the nuclear envelope are the nu-
clear pores. They may exhibit a distinctly nonrandom distribution
over the nuclear surface with a minimum interpore distance that
possibly influences their distribution (30). In some cells, nuclear
pores occur in regular geometric arrays (11); in others, such as
3T3 cells, no indications of regular distributions were found (26).
The densities of pores per unit area of the nuclear envelope vary
considerably among different cells. A general value for higher
eukaryotic cells is 10 to 20 pores/m2 (29), giving a total number
of 3,000 to 4,000 pores per nucleus in somatic cells (16). However,
only 1,900 pores were detected on 3T3 cell nuclei by confocal
microscopy (26). The numbers of nuclear pores in HSV-1- and
mock-infected HeLa cells on 10 images obtained after dry frac-
turing and freeze fracturing, respectively, at 15 h of incubation
were counted. In mock-infected cells, the mean number was 10.7
pores/m2 nuclear surface in freeze-fractured cells and 29.1
pores/m2 nuclear surface in dry-fractured cells (Table 1). The
difference of more than a factor of 2 is probably due to shrinkage
occurring during fixation, permeabilization, dehydration, and dry-
ing. The mean numbers of pores in HSV-1-infected cells were 6.7
pores/m2 nuclear surface in freeze-fractured cells and 4.7 pores/
m2 nuclear surface in dry-fractured cells (Table 1), which are 4.3
and 2.3 times lower, respectively, than values for mock-infected
cells. This discrepancy possibly occurred because nuclear pores
were altered in HSV-1-infected cells (see below), and thus,
their identification in dry-fractured cells was difficult or even
impossible.
Nuclei of HeLa cells are ellipsoids. The volume of ellipsoid
nuclei in HEp-2 cells was reported to increase up to a factor of 2
in the course of HSV-1 infection (48). Therefore, we calculated
the nuclear volume on the basis of the axes measured on confocal
images after three-dimensional reconstruction. Surprisingly, the
mean volume in HSV-1-infected cells at 15 h of incubation was
larger than the nuclear volume in mock-infected cells only by a
factor of 1.5 (Fig. 1). An increase in the volume of an ellipsoid by
a factor of 1.5 results in an enlargement of its surface by a factor
of 1.31. Calculation of the nuclear surface on the basis of the
measured axes in confocal images revealed mean surface areas of
450m2 in mock-infected cells and of 480m2 in HSV-1-infected
cells. This increment by a factor of 1.06 is somewhat lower than
the expected enlargement and is probably related to methodolog-
ical errors. Calculation of the mean number of pores counted on
cryo-FESEM images per the total nuclear surface area obtained
from confocal images revealed a mean of 4,800 pores/nucleus in
mock-infected cells but only a mean of 2,250 pores/nucleus in
HSV-1-infected cells, suggesting that the number of pores de-
clined by a factor of 2.1 within 15 h of incubation. The mean pore
numbers identified by immunostaining irrespective of the anti-
bodies used were about 2,000 in mock-infected cells and 1,560 in
HSV-1-infected cells. Estimation of numbers of pores in cryo-
FESEM images might result in overestimation because the spher-
ical surface of the nucleus cannot be satisfactorily considered. On
the other hand, estimation of pore numbers in fluorescent images
probably results in underestimation because the resolution power
is not sufficient to allow a clear separation of two pores lying
closer together than its diameter. Enlargement of pores (see be-
low) will also contribute to underestimations. Nevertheless, the
FIG. 1. (A) Means and standard deviations of nuclear volume and
nuclear surface of HSV-1-infected (f) and mock-infected () cells
calculated on the basis of the half axes measured on confocal images.
(B) The number of nuclear pores counted on cryo-FESEM images
(NP-SEM) were calculated per nuclear surface of confocal images, and
the mean number of fluorescent signals was determined on nuclei
labeled with Mab414 (NP-414) or with antibodies against Nup153
(NP-153) as described in Materials and Methods. Means are statisti-
cally different (, P 	 0.05; , P 	 0.001; number of nuclei 
 10)
compared to mock-infected cells.
TABLE 1. Data for HSV-1- and mock-infected cellsa
Assay and
infection type
No. of pores/
m2
Mean NPC
diam (nm)
(SD)
Mean NPC
channel size
(nm) (SD)
Mean interpore
distance (nm)
(SD)
Minimal
interpore
distance
(nm)
(SD)
Maximal
interpore
distance
(nm)
Mean interpore
area (nm2) (SD)
Minimal
interpore
area
(nm2)
Maximal
interpore
area
(nm2)
Mean virion
diam (nm)
in PNS
(SD)
FESEM
HSV-1 6.5* (0.51) 198* (22.3) 92* (28.5)
Mock 29.1 (2.0) 135 (12.1) 24.7 (14.7)
Cryo-FESEM
HSV-1 4.7* (1.36) 364** (63.6) 25.8 1,307 398,645* (64,030) 12,800 6,131,553 194 (29.6)
Mock 10.6 (1.56) 208 (14.4) 6.7 847 206,198 (16,000) 11,569 681,559
a Shown are mean numbers and standard deviations (in parentheses) of nuclear pores per m2 nuclear surface, mean interpore distances, and mean interpore areas
of HSV-1- and of mock-infected cells analyzed on images obtained by FESEM after in situ dry fracturing and/or by cryo-FESEM after rapid freezing and freeze etching
of cell suspensions and mean viral diameter in the perinuclear space (PNS) measured on CFTEM images. Means are statistically different (*, P 	 0.001; **, P 	 0.05;
number of nuclei 
 10) compared to mock infected cells.
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mean number of pores in HSV-1-infected cells was lower than
that in mock-infected cells by a factor of 1.8, which corresponds to
the data from cryo-FESEM and thus strongly supports the idea of
decrement of pore numbers in the course of HSV-1 infection. To
get an idea about nuclear pore distribution, we measured the
interpore distances in cryo-FESEM images. As shown in Fig. 2,
the mean interpore distance varied considerably in HSV-1-in-
fected cells compared to that in mock-infected cells. The mean
interpore distance in HSV-1-infected cells was larger than that in
mock-infected cells by a factor of 1.75 (Table 1). The diverse
numbers of nuclear pores and the difference in distributions in
mock-infected cells and HSV-1-infected cells are readily obvious
in cryo-FESEM images (Fig. 3A to E).
Nuclear pores dilate in HSV-1-infected cells. NPCs form a
key transport barrier between the cytoplasm and the nucleus. In
nondividing cells, nucleocytoplasmic shuttling of macromolecules
is tightly controlled by their selective translocation through the
30- to 50-nm-long (52) and 9-nm-wide (36) NPC central channel.
This channel was shown to be expandable, enabling the transport
of macromolecules with diameters of up to 39 nm (38). Pores
with a central channel of 35 to 45 nm were found in dry-fractured
Xenopus egg nuclei (15). To illuminate whether infection with
HSV-1 may induce alterations of nuclear pore complexes per se,
as suggested previously (27), we imaged nuclear pores of dry-
fractured nuclei at higher magnifications (Fig. 3F to H). Mea-
FIG. 2. Frequency distribution of the interpore distance in 10
HSV-1- and 10 mock-infected cells measured on cryo-FESEM images
(60 distances on average). The mean interpore distance is 364 nm in
HSV-1-infected cells and 208 nm in mock-infected cells.
FIG. 3. Images of nuclear surfaces of mock- and HSV-1-infected Vero cells (A to C) and HeLa cells (D to H) 15 h postinfection obtained
by cryo-FESEM after freeze fracturing (A to C) or by FESEM after dry fracturing (D to H) showing remarkable reductions in the number
of nuclear pores/m2 and enlargement of the maximal interpore area (asterisks) in HSV-1-infected cells (C and E) compared to mock-
infected cells (A and D). Nuclear pores appear on the inner nuclear membrane (i) as round buttons but as a distinct low depression at the
outer nuclear membrane (o) in mock-infected cells (A and B). In HSV-1-infected cells, the NPC and/or nuclear material protrudes through
normal-sized and enlarged nuclear pores, and a distinctly bordered hole (arrow) was formed as apparent at the outer nuclear surface (C).
The overall diameter of the NPC is enlarged and the central pore channel is dilated in dry-fractured HSV-1-infected cells (G and H)
compared to NPCs of mock-infected cells (F). Bars, 200 nm.
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surements of about 400 pores on 10 different nuclei revealed the
mean central channel diameter to be 28.7 nm in mock-infected
cells. The mean central channel diameter in HSV-1-infected nu-
clei, however, was 92 nm. The overall diameter of nuclear pores
was 135 nm in mock-infected cells but was 198 nm in HSV-1-
infected cells (Table 1) at 15 h of incubation.
The appearance of nuclear pores in frozen-hydrated nuclei
depends largely on the fracture plane (55). They look like
round indentations at the outer nuclear membrane but button-
like structures at the inner nuclear membrane. In freeze-frac-
tured, mock-infected cells, nuclear pores also appeared mostly
as small button-like structures at the inner nuclear membrane
with an average diameter of 120 nm or, occasionally, as holes
of similar diameters (Fig. 3A and B). The appearance of nu-
clear pores at the inner nuclear membrane in HSV-1-infected
cells was heterogeneous. They either were similar to those in
mock-infected cells or appeared as small protrusions or as
holes with diameters of 140 to 160 nm. In addition, holes with
diameters of up to 220 nm were found at the inner nuclear
membrane (Fig. 4). Nuclear pores of mock-infected cells at the
FIG. 4. Cryo-FESEM images showing the inner (i) and parts of the outer (o) nuclear membranes of HSV-1-infected HeLa cells at 10 h of
incubation. (A) Nuclear pores appear as button-like structures or holes. There are also slightly larger holes with distinct borders and small
protrusions of similar size (arrows) as well as three holes with diameters of up to 250 nm and a few budding capsids. (B) The number of budding
capsids is about 1.8/m2. One budding is probably close to completion (arrowhead). There are holes from 110 to 220 nm, two protrusions (arrows)
of 130 nm in diameter, and folds of the nuclear surface. Bars, 200 nm.
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outer nuclear membrane were visible as low round depressions
with a mean diameter of 120 nm and clear NPC structure,
which occasionally filled the pores entirely (Fig. 5A). In HSV-
1-infected cells, most of the nuclear pores appeared either as
distinct depressions missing NPC structures or as distinct small
protrusions (Fig. 5B and 6) with diameters of 120 to 130 nm at
the outer nuclear membrane. There were also larger protru-
sions with diameters at the base of 140 to 310 nm and holes
with diameters of up to 270 nm. Protrusions of any size were
distinctly bordered at the base, resembling the bordering of
nuclear pores.
The question of whether or not the larger protrusions and
holes at the nuclear surface are related to nuclear pores can
best be answered by examining fracture planes or thin sections
perpendicular through these protrusions or holes. Fracture
planes obtained by freeze fracturing showed gaps in the nu-
clear envelope distinctly bordered by intact outer and inner
nuclear membranes (Fig. 7B). Such gaps had measured diam-
FIG. 5. Cryo-FESEM images of the outer nuclear membrane (o) of mock-infected (A) and HSV-1-infected (B) HeLa cells after 10 h of
incubation. (A) Nuclear pores appear as round, small depressions with a distinct NPC structure, and a few appear as small buttons (arrows).
(B) Pores appear either as small but deep depressions without obvious NPC structure or as buttons. Some of them have larger diameters and are
over top the nuclear membrane (arrows). In addition, there are holes with distinct borders (arrowheads) and numerous budding capsids. The outer
nuclear membrane is locally broken away, giving view to the inner nuclear membrane (i). Bars, 200 nm.
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eters of up to 560 nm. Imaging of the nuclear surface on thin
sections obtained after rapid freezing and freeze substitution in
situ also revealed gaps distinctly bordered by nuclear mem-
branes, suggesting that they were dilated nuclear pores (Fig.
7C and D). Nuclear material containing capsids was found to
protrude through large holes into the cytoplasm. It never
merged with the cytoplasmic matrix (Fig. 7E). The distribution
of intact and impaired nuclear pores per m2 is presented in
Fig. 8, showing that only 40% of the nuclear pores in HSV-1-
infected cells were intact, while in mock-infected cells, nearly
all pores were intact.
Budding capsids require membranes. The main event at the
nuclear surface in HSV-1-infected cells is expected to be the
budding of capsids. The result of a capsid budding at the inner
nuclear membrane is an enveloped virion (44) with a diameter of
about 200 nm (Table 1 and Fig. 9). These virions can accumulate
in the perinuclear space (7, 49). Assuming that virions are sphere-
like particles (18), the surface area of a single virion equals
125,000 nm2. The approximate mean interpore area between
neighboring pores was 206,198 nm2 in mock-infected cells. The
maximal interpore area was about 681,500 nm2, and the minimal
interpore area was 11,600 nm2. A capsid budding requires 125,000
nm2 from the inner nuclear membrane; i.e., it reduces the nuclear
surface by 125,000 nm2. Surprisingly, the mean interpore area
measured in HSV-1-infected cells 15 h postinfection was larger
than that in mock-infected cells by close to a factor of 2 (Table 1).
The maximal interpore area was even 10 times larger than that in
mock-infected cells, whereas the minimal interpore areas were
FIG. 6. Details of the outer nuclear membrane shown in Fig. 3 (A to C) and cryo-FESEM images of HSV-1-infected Vero cells after 10 h
(D) and 17 h (E) of incubation. (A) Nuclear pores of mock-infected cells with NPC structures. (B and C) Nuclear pores either miss NPC structures
or are completely filled with NPCs and/or nuclear material that protrudes into the cytoplasm of HSV-1-infected cells. The hole (arrow) does not
give a view onto the inner nuclear membrane. (D) Large areas are devoid of nuclear pores, the number of which is low, and appear as buttons
at both the inner (i) and outer (o) nuclear membranes. (E) Large areas (asterisks) devoid of pores bulge into the cytoplasm. Bars, 200 nm.
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similar in mock- and HSV-1-infected cells. These data suggest
highly dynamic processes taking place at the nuclear envelope in
the course of the nuclear exit of capsids, leading to an enlarge-
ment of the interpore area. Indeed, a maximum of 1.83 capsids
per 1 m2 nuclear surface area were found to bud (Fig. 10),
requiring 228,750 nm2/m2, or 22.8%. By expressing the number
of budding capsids per the entire nuclear surface of 450 to 480
m2, a total number of 823 to 878 capsids will bud more or less
simultaneously provided that budding activity is evenly distributed
over the entire nuclear surface. If this assumption was correct, a
total area of 103 to 109 m2 of the inner nuclear membrane
would be required to provide enough membranes for budding at
10 h of infection. Interestingly, high budding activity (1.83/m2)
was found at 10 h of incubation (Fig. 4B and 5B), but low activity
(	0.1/m2) was found at 15 h postinfection (Fig. 10). However, at
15 h postinfection, indentations at the nuclear surface with diam-
eters of 120 to 160 nm were found (Fig. 7A). This smooth tran-
sition from the concavity into the inner nuclear membrane sug-
gests that they are related to budding because the inner
membrane is pulled behind the budding capsid for fission of the
enveloped virions, resulting in an indentation (59).
FIG. 7. Cryo-FESEM and CFTEM images of HSV-1-infected Vero cells at 15 h (A) and 17 h (B to E) of infection. (A) Inner nuclear membrane
(i) with a single budding capsid, normal-sized nuclear pores with material protruding through some of them, and indentations (arrows) with a
smooth transition to the inner nuclear membrane indicating that these resulted from budding. (B) Cross-fracture plane through a nucleus showing
a gap of 560 nm bound by the inner (i) and outer (o) nuclear membranes. (C to E) CFTEM images of a normal nuclear pore with clearly visible
pore complex (C), a gap with boundaries formed by the inner and outer nuclear membranes (D), and nuclear material (arrow) together with
capsids protruding through a gap into the cytoplasm close to an RER cisterna. Bars, 200 nm.
FIG. 8. Means and standard deviations of intact and impaired nu-
clear pore numbers expressed per m2 nuclear surface in HSV-1-
infected (f) and mock-infected () cells incubated for 15 h analyzed
on cryo-FESEM images. T, total pores; I, intact pores; H 	 140 and
P 	 140, holes and pores 	140 nm in diameter, respectively; H 
140 and P  140, holes and pores 140 nm in diameter, respec-
tively. Data for each morphological entity were compared by the
Student t test (, P 	 0.0001; , P 	 0.05; n 
 10).
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Nucleoporins are irregularly distributed in HSV-1-infected
cells. Electron microscopy provided clear evidence for dra-
matic alterations of nuclear pore structure and distribution.
Nuclear pore alterations may correlate with the degradation of
nucleoporins, as was seen in cells infected with poliovirus (19,
20). In order to determine possible changes in the distribution
of nucleoporins in the course of HSV-1 infection, cells were
immunolabeled using antibodies against Nup62, Nup90, and
Nup152 (Mab414) or Nup153. To ascertain HSV-1 infection,
cells were immunolabeled using antibodies against the tegu-
ment protein VP16. Cells were analyzed using a confocal laser
scanning microscope.
Under carefully controlled and favorable conditions, the res-
olution of the confocal microscope was claimed to be sufficient
to visualize single NPC-sized particles and to distinguish be-
tween single particles and particle aggregates (25). In this
study, mock-infected cells exhibited disseminated nucleoporins
at all times examined (Fig. 11A). However, the fluorescence
signals could not be resolved into single NPCs because of the
irregular density and variation in size. Even the rather regular
pattern in mock-infected cells could not be resolved into single
NPCs because of the large number of signals. First, changes
became apparent as early as 8 h postinoculation in HSV-1-
infected cells. Nucleoporins labeled with Mab414 (Fig. 11B
and C) or Nup153 (Fig. 11D) showed irregular distribution,
focal enhancement, and a reduced number of fluorescence
signals that were quantified. There was no significant differ-
ence in numbers of signals detected between Mab414 (recog-
nizing Nup62, Nup90, and Nup152) and the antibodies against
Nup153. The significantly lower number of signals (P 	 0.05)
in HSV-1-infected cells than that in mock-infected cells, as
shown in Fig. 1, and the irregular distribution of labeled NPC
confirm the data drawn from cryo-FESEM images showing
that nuclear pore numbers decline and pore distribution alters
in the course of HSV-1 infection.
Nucleoporins do not disappear from cells. Nup153 was
shown to be downregulated in HSV-1-infected cells (42). This
and the lower frequency of fluorescent signals prompted us to
analyze nucleoporins by Western blots. The results obtained
with HSV-1-infected cells at any time of incubation were sim-
ilar to those obtained with mock-infected cells (Fig. 12), sug-
gesting that nucleoporins do not disappear but are rather dis-
seminated into the cytoplasm in the course of HSV-1 infection.
DISCUSSION
Nuclear size has been reported to increase in HEp-2 cells
infected with HSV-1 (48) to a twofold larger volume, which is
correlated to the formation of extrachromosomal compart-
ments (35). Nuclear enlargement implies the insertion of mem-
brane constituents and/or the formation of additional nuclear
pores to guarantee the integrity of the nuclear envelope. The
shape of the nucleus of HeLa and Vero cells is like an ellipsoid
with a short c axis in situ. A twofold increase in nuclear volume
would result in an enlargement of the nuclear surface by a
factor of 1.6. However, the mean volume increased only by a
factor of 1.5, and the nuclear surface was enlarged by a factor
of 1.06, which is slightly lower than the theoretically expected
enlargement of the nuclear surface, by a factor of 1.31. The
difference between volume increment in HEp-2 cells and that
in HeLa cells may be due to physiological properties. Alterna-
tively, the nuclear volume in HEp-2 cells was estimated on the
basis of the a and b axes only (48). We, however, used all three
axes of third-dimension-reconstructed cells, which leads to
more accurate results, at least in mathematical terms. The
mean interpore area determined with cryo-FESEM images was
enlarged by a factor of 2, and the mean number of nuclear
pores was lower by a factor of 2.1 at 15 h of incubation,
suggesting a loss of nuclear pores. Additional enlargement of
the mean interpore area could be due a dislocation of nuclear
pores. To achieve such large nuclear pore-free areas, disloca-
tion would lead to the accumulation of pores at neighboring
sites, which was not the case.
Negatively stained nuclear pores on the surface of a carbon-
coated copper grids measure 125 nm in diameter and are
occupied by the NPC (57), which controls the nuclear import
and export of proteins up to 39 nm in diameter (38). In ultra-
thin sections where nuclear membranes were hit perpendicular
to the nuclear surface, details of both nuclear membranes and
nuclear pores could be visualized by CFTEM. Intact nuclear
pores measured 100 to 110 nm in diameter. The discrepancy in
pore size between the two different preparation techniques is
due to section thickness that does not allow precise measure-
ments and possibly to shrinking artifacts. Pore diameters mea-
sured on images obtained by cryo-FESEM varied between 110
and 130 nm in mock-infected cells. In HSV-1-infected cells,
they measured up to 160 nm. In addition, holes in the nuclear
envelope were found to be up to 560 nm in diameter by cryo-
FESEM. Nuclear material protruded through some of these
FIG. 9. CFTEM micrograph of a Vero cell at 12 h of infection
showing an enveloped virion within the perinuclear space forcing the
outer nuclear membrane (o) into the cytoplasm. Bar, 100 nm.
FIG. 10. Number of budding capsids per m2 at the nuclear enve-
lope at 8, 10, and 15 h of incubation.
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holes, as was confirmed by CFTEM in thin sections through
cells fixed and processed in situ. Such protrusions were also
reported for cells infected with bovine herpesvirus 1 (BHV-1)
but were falsely interpreted as being budding capsids (59). The
distinct border by the nuclear membranes and the round shape
strongly suggest that these holes are dilated nuclear pores.
Fracture planes and sections through pores and holes support
this idea. The presence of capsids within nuclear material pro-
truding through such holes into the cytoplasmic matrix (Fig.
7E) led to the suggestion that capsids may use these holes as
gateways to gain direct access to the cytoplasmic matrix (59).
The same idea was reported previously for the release of cap-
sids of simian agent 8 (6). Holes that are not filled with pro-
truding nuclear material are probably the result of the fracture
plane running at the base of the protrusions so that the pro-
truding material was removed during fracturing. The same
FIG. 11. Confocal microscopic images of mock-infected cell at 15 h (A) and of HSV-1-infected HeLa cells recognized by staining of the
tegument protein VP16 (red) at 8 h (B) or 15 h (C and D) postinoculation immunostained for nucleoporins (green) with Mab414 (A, B, and C)
or Nup153 (D). Nucleoporin distribution is regular in mock-infected cells when stained with Mab414 (A) or with Nup153 (not shown). In
HSV-1-infected cells, nucleoporin distribution is irregular, the fluorescence signal is focally enhanced, and the number of signals is reduced, as
apparent at 15 h of incubation (C and D). Bar, 1 m.
FIG. 12. Western blots of mock- and HSV-1-infected HeLa cells 0
to 24 h postinoculation as described in Materials and Methods using
Mab414 showing no apparent differences between mock- and HSV-1-
infected cells at any time of infection.
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could have led to the empty nuclear pores at the inner nuclear
membrane. Unfortunately, NPCs could not be visualized in
more detail by cryo-FESEM. Frozen structures rapidly un-
dergo beam damage during imaging. Either NPCs were re-
moved during fracturing or the entire pore was filled, making
an exact distinction between NPC structure and other material
extremely difficult. However, by employing in situ preparations
by fixation, drying, and fracturing at ambient temperatures,
almost all cytoplasmic components and nuclear membranes
were removed, giving a clear view onto the nuclear pore com-
plex. Images of nuclei prepared according to a previously de-
scribed protocol (3) clearly showed enlarged nuclear pore com-
plexes with an enlarged central channel, suggesting an
impairment of nuclear pores without a complete loss of NPC
proteins through which capsids may exit the nucleus. While our
data do not contradict the nuclear pore egress model, they also
cannot give final proof of it. For that purpose, further studies
toward the identification of capsid exporters will have to be
done.
The overall vertebrate NPC structure comprises the spoke-
ring complex, which encircles the central channel complex
called the transporter. The spoke complex is framed by the
cytoplasmic ring and the nuclear ring, which serve as attach-
ment sites for the cytoplasmic filaments and the nuclear basket,
respectively (53, 62). Nup62 is located at the cytoplasmic entry
side of the transporter (47). Locations of Nup90 and Nup152
are not defined to our knowledge. Nup153 is part of the nu-
clear basket (37, 39). Nup153 is known to be required for NPC
assembly and anchoring of the NPC to the nuclear envelope
(12) but is also involved in nuclear import and export (5).
Nup153 was shown to be downregulated in HSV-1-infected
cells (42). Proteins such as capsid proteins and tegument pro-
teins have to be imported into the nucleus for HSV-1 replica-
tion. The question arises whether nuclear import is affected in
HSV-1-infected cells. In poliovirus-infected HeLa cells, nu-
clear import was drastically inhibited in accordance with the
degradation of NPC components (20). The number of intact
pores in HSV-1-infected cells was 2 pores/m2. The number
of intact nuclear pores per entire nuclear surface equals a total
of 960 at 15 h of infection, which might be sufficient to fulfill
the requirements for nuclear import in HSV-1-infected cells.
Furthermore, dilation of nuclear pores does not necessarily
imply an impairment of nuclear import and export as long as
nucleoporins are present. The nucleocytoplasmic barrier for
molecules bigger than 70 kDa remained intact in HSV-1-in-
fected Vero and Hep-2 cells (24), suggesting that the selectivity
of nuclear import is not disturbed for large molecules at least.
Capsids escaping the nucleus by budding at the inner nuclear
membrane require its membrane for envelope formation. The
fate of these perinuclear virions is controversially discussed.
Capsids are assumed to be deenveloped (49) by fusion of the
viral envelope with the outer nuclear membrane. Conse-
quently, the inner nuclear membrane would undergo constant
reduction, whereas the outer nuclear membrane and the adja-
cent rough endoplasmic reticulum (RER) would get continu-
ally enlarged. To our knowledge, such deformations have
never been described in this context. Conversely, one might
assume that membrane constituents inserted into the outer
nuclear membrane recycle back to the inner nuclear mem-
brane so that a continuous flow would be maintained between
inner and outer nuclear membranes and vice versa. Proof does
not yet exist for this concept as well. However, the more pro-
found crux of this concept remains in neglecting the fact that
virions can accumulate in the perinuclear space (4, 7, 8, 27, 49,
50, 54) or can be transported into adjacent cisternae of the
RER (13, 17, 41, 45, 51, 58, 61). Recently, it was proposed that
perinuclear virions are transported via RER cisternae directly
into Golgi cisternae; those membranes were shown to be con-
nected to RER membranes (27, 61). In this context, the inner
nuclear membrane would remain as the final viral envelope. In
HSV-1 deleted of US3 (43) or of glycoprotein B (10), ex-
tremely large amounts of virions accumulate in the perinuclear
space. The membranes of all these virions must be provided by
a mechanism other than recycling. Furthermore, images ob-
tained at 10 h of infection suggest that budding may take place
simultaneously more or less all over the nuclear surface, even
in the close vicinity of nuclear pores. Simultaneous budding of
a maximal 1.8 capsids/m2 giving a total of more than 800
capsids would require a total amount of 100 m2 of mem-
branes that must be provided prior to and/or simultaneously to
budding.
In conclusion, the data indicate a loss of nuclear pores,
dilation of nuclear pores, and dilation of the central NPC
channel through which capsids may escape to gain direct access
to the cytoplasmic matrix. There, they may bud at Golgi mem-
branes. The molecular mechanisms guiding the nuclear export
of capsids via impaired nuclear pores still need to be identified.
Nucleoporins are probably not completely lost in dilated nu-
clear pores, suggesting that nucleocytoplasmic transportation
is not severely affected. The high budding activity as early as
10 h after infection requires a large amount of membranes.
Hence, substantial amounts of membrane constituents need to
be inserted into the inner nuclear membranes for viral enve-
lope formation during the budding of capsids and for the
maintenance of membrane integrity of enlarging nuclei.
Whether or not these membrane constituents are translocated
to the outer nuclear membrane by the fusion of the envelope
of perinuclear virions and how exactly perinuclear virions are
intraluminally transported via RER cisternae into Golgi cisternae
remain to be verified.
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